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Abstract 
A special beam line for high energy electron radiography is designed, including achromat and imaging 
systems. The requirement of the angle and position correction on the target from imaging system can be 
approximately realized by fine tuning the quadrupoles used in the achromat. The imaging system is designed by 
fully considering the limitation from the laboratory and beam diagnostics devices space. Two kinds of imaging 
system are designed and both show a good performance of imaging by beam trajectory simulation. The details of 
the beam optical requirement and optimization design are presented here. The beam line is designed and prepared 
to install in Tsinghua university linear electron accelerator laboratory for further precise electron radiography 
experiment study. 
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1 Introduction 
A new scheme is proposed that high energy electron beam as a probe used for time resolved 
imaging measurement of high energy density materials, especially for high energy density matter 
and inertial confinement fusion (ICF) [1-2]. High Energy Density Physics aims to study the 
properties of matters under extreme temperature and pressure state, which is also called Warm 
Dense Matter (WDM). According to WDM properties, the high energy density exceeds 1 Mbar 
and the transiently produced in laboratory experiment on the 10 ns to 1 us time scale. The 
diagnostics system should have a large dynamic range and high spatial resolution. Furthermore, 
for ICF, it is essential to measure the moving boundary, so the time dependent imaging system is 
desirable. Comparing with proton and some other x-ray diagnostics system, electron imaging 
system is expected to gain high spatial and temporal resolution with less expense. The high 
electron radiography (eRad) is developed by Los Alamos National Lab [3]. The first picosecond 
pulse-width high electron radiography experiment was achieved by Institute of Modern Physics 
(IMP), Chinese Academy of Sciences (CAS) and Tsinghua University (THU), based on THU 
Linear electron accelerator (LINAC) [4]. It is used for principle test and certifying that this kind of 
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LINAC with ultra-short pulse electron bunch can be used for electron radiography. Although the 
imaging system is not optimized, the experiment results, such as magnifying factor and the 
imaging distortion, are consistent with the beam optical theory very well. 
For further experiment study, a new special beam line for eRad experiment is designed and 
planned to be constructed in THU LINAC laboratory. The LINAC [5] consists of s-band 
photocathode microwave electron gun and an s-band accelerating tube. The photocathode 
microwave electron gun provides low emittance and picosecond pulse-width electron bunch with 
energy of 3 MeV. The highest beam energy of the LINAC is 50 MeV. For the eRad experiment, 
the energy of 40 MeV is chosen as requested for the LINAC stable running. The beam properties 
of this LINAC used in the eRad are as follows: beam spot size radius is about 1.5 mm, divergence 
angle is about 1.5 mrad and the energy spread is less 1%. 
2 Beam optical layout and design 
Due to some reasons, such as not interrupt other experiment, a beam exacted from the linear 
beam line of the LINAC is used and specially designed for the eRad experiment. The beam line 
design is mainly limited by the small space of the laboratory, so the first consideration is the 
layout of the beam line. According to the laboratory space, the layout is shown in Fig.1. A linear 
achromat consist of two rectangular dipoles and three quadrupoles are used for deflecting the 
beam to 90 degree. The imaging target is placed after the achromat in the object plane position. 
After the target, it is the imaging system. For more detailed imaging system optical property study, 
two kinds of imaging system are designed with different magnification factor, with symmetric 
doublet and triplet quadrupoles. Also the aperture is placed on the Fourier plane position.  
We first give the design parameters of the imaging system and then give the achromat design, 
because there are some special requirements of the achromat from the imaging system, such as 
beam angle and position calibration on the target.  
 
Fig.1. the layout of the eRad beam line based on THU linac 
 
2.1 Beam optical design for eRad 
There are two primary requirements of any charged particle radiography (CPR) lens system 
[6]. First, the lens must provide a point-to-point focus from object to image. Second, it must form 
a Fourier plane, where particles are radially sorted by the magnitude of the scattering within the 
object. With the correlation, particles which were scattered to large angles by multiple Coulomb 
scattering can be removed through collimation at the Fourier plane. The remaining parameters of 
one experiment setup CPR lens system design are determined by the radiographic applications. 
The beam energy must high enough to penetrate the areal density of the object to be radiographed, 
and the aperture of the lens system must be chosen to provide sufficient angular acceptance 
throughout the required field of view. An additional strongest design requirement is the resolution 
of the radiography system. This resolution is typically dominated by chromatic aberrations due to 
energy spread of the injected beam in combination with the spread of energy loss through the 
object due to areal density variations of the object.  
Here present some requirements and conditions for the charged particle radiography from 
beam optical with transport matrix. For the first order beam optical design, the beam on image 
plane can be calculated by the transport matrix as follows [7], 
1211image RxRx   
3433 RyRyimage                                                           (1) 
Considering the x direction firstly, for the first order beam optical，the beam position after the lens 
is  
1211_ RxRx imagefir                                                      (2) 
For the second order transport matrix, the beam on image plane is  
 1261161211sec_ TxTRxRx image                                      (3) 
R is the first order transport matrix, T is the second order transport matrix (Transport notation [8]), 
beam position is ),( yx , the divergence angle is ),(  , and  is the beam momentum spread. 
The conditions for point to point imaging is required R12=0 and R11 is the magnification factor. On 
the second order beam optical cases: 
 12611611_sec TxTxRx image   
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The space resolution is defined as follows:
 
1112611611sec_ /)(/x RTxTRxx image    
x126116 /)( MTxTx                                                    (5) 
With same procedure, the resolution on y direction is as follows, 
yMTT /)y(y 346336                                                    (6) 
Assuming wx , the residual incident emittance angles are added to the multiple coulomb 
scattering angles produced by the object, so the relationship of position and angle can be corrected 
as   wx , define
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 is the beam scattering angle after interacting with the target with residual incident angles. 
After the above calibration of beam angle on the target, the space resolution can be defined as 
follows, which depends on the chromatic length, scattering angle with residual incident angles and 
beam momentum spread. 
cLx                                                                   (8) 
M
T
Lc
126  is the chromatic length 
Normally, there is an aperture on the Fourier plane, which limits the beam with small divergence 
angle ε  (ϵ < φ) can pass through. So the spatial resolution with aperture is defined: 
cLx                                                                  (9) 
2.1.1 Doublet imaging system design 
As mentioned before, the imaging system is limited by the space. The doublet design 
parameters are optimized by COSY INFINITY9.1 [9] by only tuning the quadrupoles field. The 
maximum filed gradient of the quadrupoles are 12 T/m, the inner diameter is 20 mm and the 
length is 10 cm. the imaging system optical with optimized quadrupoles field gradient is show in 
Fig.2, beam on object plane with different position and different divergence angle are perfectly 
imaged on the image plane. It has a magnification factor for R11=R33=-2.885. The detailed beam 
line parameters are shown in table1. 
 
Table1 the optimized parameters of drifts and quadrupoles for doublet imaging system 
Quads Flux density at pole 
tip B [T] 
Transport matrix 
element 
Optimized values Drift Drfit 
distance(m) 
Q1  0.02497 R11=R33 -2.8847 L1 0.4 
Q2 -0.06113 R12=R34 [m/rad]  0 L2 0.1 
Q3 0.06113 T116, T126 [m/rad] 6.8925, 4.8097 L3 0.1 
Q4 -0.02497 T336, T346 [m/rad] 6.088, 6.0164 L4 1.9 
 
 Fig.2. the beam trajectory of the doublet imaging system in X direction. 
 
2.1.2 Triplet imaging system design 
Another imaging system is consisting of two triplet quadrupoles. All the quadruploes are the 
same design for convenient production. The beam optical is shown in Fig.3 with optimized field 
gradient. It has a unit magnification factor, R11=R33=-1. It also shows a good performance of the 
imaging property. The detailed beam line parameters are shown in table2. 
 
Table2 the optimized parameters of drifts and quadrupoles for triplet imaging system 
Quads Flux density at pole 
tip B [T] 
Transport matrix 
element 
Optimized 
values 
Drift Drift 
distance 
Q1 0.02945 R11=R33 -1.0 L1 0.4 
Q2 -0.02722 R12=R34 [m/rad] 0 L2 0.1 
Q3 -0.02722 T116, T126 [m/rad] 0, 3.0464 L3 0.8 
Q4 0.02945 T336, T346 [m/rad] 0, 3.2409 L4 0.4 
 
 
Fig.3. the beam trajectory of the triplet imaging system in X direction. 
 
2.2 Linear achromat and beam angle and position calibration on the target 
2.2.1 Linear achromat design 
Usually it is necessary in beam transport systems to deflect a particle beam. If this is done in 
an arbitrary way an undesirable finite dispersion function will remain at the end of the deflecting 
section. Special magnet arrangement is designed which allow to bend a beam without generating a 
residual dispersion. Such magnet systems composed of only bending magnets and quadrupoles are 
called linear achromat. 
Dispersion function is defined as follows with transport matrix elements [10]: 
𝐷(𝑧) = 𝑆(𝑧) ∫ 𝑘0(𝑧)𝐶(?̃?)𝑑?̃? − 𝐶(𝑧) ∫ 𝑘0(?̃?)𝑆(?̃?)𝑑?̃?
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The physical interpretation of the dispersion function D(z) is simply that the function δD(z) 
determines the offset of the reference trajectory from the ideal path for particles with a relative 
energy deviation δ from the ideal momentum cP0. 
The dispersion function generated in a particular bending magnet does not depend on the 
dispersion at the entrance to the bending magnet which may have been generated by upstream 
bending magnets. The dispersion generated by a particular bending magnet reaches the value 
D(Lm) at the exit of the bending magnet of length Lm and propagates from there on through the 
rest of the beam line just like any other particle trajectory, Which has exactly the form of 
describing the trajectory of a particle starting with initial parameters at the end of the bending 
magnet given by the integrals. With this solution we can expand the 2×2 matrix in to 3×3 matrix, 
which includes the first order chromatic correction. 
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] 
The achromat requires both the dispersion and its derivative to vanish, 𝐷(𝑧𝑑) = 0 
and 𝐷′(𝑧𝑑) = 0, which corresponds to the R16 = R26 =0 in x direction. This can be done with some 
special settings for the lattice and adjusting the quadrupole fields. In this case we have no 
dispersion function downstream the point 𝑧 = 𝑧𝑑 up to the point where the next dipole magnet 
creates a new dispersion function. The physical characteristics of an achromatic beam line are that 
at the end of the beam line, the position and the slope of a particle are independent of the energy. 
For our achromat, two rectangular dipole magnets are used for bending the beam. They are 
installed symmetrically for the intended particle trajectory. The entrance and exit angles equal half 
of the bending angle -22.5 degree. The rectangular magnet has edge focusing properties in the 
non-bending plane. In the deflecting plane the focusing is completely eliminated.  
In COSY INFINITY9.1 [9], a special case of the homogeneous dipole described above is the 
magnetic rectangle or parallel-faced dipole, in which both edge angles equal one half of the 
deflection angle and the curvatures are zero. The parameters of rectangle dipole used in current 
experiment are as follows: the radius is 392 mm, deflecting angle is 45 degree and the aperture is 
25 mm. 
 
2.2.2 Achromat with angle position correlation on target design 
As derived on section 2.1, there are some requirements for beam angle and position 
calibration from imaging system. The angle position correlation is derived from the imaging 
system, its second order beam optical matrix T [7]. 
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It means the beam on target have a correlation between position and incident angle. Based on 
doublet imaging system the angle-position correlation is as follows: 
011914331 346336126116 ./TT,w./TTw yx   
So these constrains are added to the achromat optimization, try to find the solutions with tuning 
the quadrupoles fields. For doublet imaging system, the optimized achromat with certain angle 
and position correction beam optics and trajectory are shown in Fig. 4(a) and Fig. 4(b). It is shown 
that for the achromat, it is also can approximately give the angle position correction required by 
the imaging system. Another requirement of the beam on the target is the beam spot size, which 
should be large enough to illuminate the object area of interesting. The beam size is also shown in 
table 3 by beam matrix element, and the diameter of the beam spot size is about 3 mm. The 
parameters of the achromat design are shown in table 3. For the triplet imaging system design, 
T116 nearly equals to zero, so there needs nearly the parallel beam. 
 
Table3 the optimized parameters of drifts and quadrupoles for achromat 
Quads Flux density at pole 
tip B [T] 
Transport matrix and 
beam matrix element 
Optimized 
values 
Drift Drift 
distance(m) 
Q1  -0.04966 R16 [m] -0.19E-9 L1 0.3 
Q2 0.06137 R26 [rad] 0.62E-10 L2 0.2 
Q3 -0.04966 sqrt(𝜎11), 𝑠𝑞𝑟𝑡(𝜎33)  
[mm] 
1.8, 1.6 L3 0.3 
  
 
Fig.3. Achromat wiht beam angle and position calibration on the target in x direction according to 
doublet imaging system optical (a) and beam trajectory (b).  
3 conclusions 
A special beam line for high energy electron radiography experiment study with an achromat 
consisting of two dipoles and three quadrupoles is designed based on THU LINAC. It is 
confirmed that from the achromat, the requirement of the angle and position correction on the 
target from imaging system can be approximately realized by fine tuning the quadrupoles used in 
the achromat. The imaging system is designed by fully considering the laboratory and beam 
diagnostics devices space. Two kinds of imaging system are designed and both show a good 
performance of imaging by beam trajectory trace simulation. This is helpful for the precisely eRad 
experiment, such as imaging optical study and experiment results analyses. The beam line will be 
built and installed at THU LINAC laboratory and scheduled static and dynamic eRad experiments 
will be taken on this beam line. 
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